Key words: bioslurping, free product recovery, multiphase recovery, bioventing, horizontal radial flow Two-dimensional (2-D) analytical equations to describe horizontal radial flow (HRF) have been developed. An HRF test cell has been designed and fabricated. Measurements of flow rate and pressure vs. radius were compared with theoretical values derived. Reasonable agreement between measurements and theory validated the analytical equations derived. These equations can form a basis for the field study of the remediation process known as bioslurping, used fo r removal of light nonaqueous-phase liquid (LNAPL).
INTRODUCTION
Bioslurping is a technique recently used by the U.S. government to remove light nonaqueous-phase liquid (LNAPL) from contaminated sites (Kittel et al., 1994; De Vantier and Hoeppel, 1996) . Examples of LNAPL are jet fuel and diesel fuel. Because the volume of contamination is usually very large (in tens of thousands of gallons), a layer of this hydrocarbon contamination exists as a free product above the groundwater as well as in the capillary fringes (Hoeppel et al., 1991) . At the contaminated site used in this study, wells about four inches in diameter were drilled to the depth of the groundwater. Then an extraction tube of about one-inch in diameter was inserted into the well located preferably at the interface of the contaminant and the water, since the location of the interface can easily be identified. A vacuum was connected to the extraction tube and the contaminant removed. In situ biological remediation of the contaminant, including chlorinated solvents, was enhanced (Hoeppel et al., 1991 (Hoeppel et al., , 1999 In order to understand the complex fluid flow behavior near the extraction tube, we have developed analytical equations which describe the horizontal radial flow (HRF) behavior . We have also designed, fabricated, and made measurements on an HRF laboratory model, referred to as the HRF test cell throughout this paper. The purpose of the laboratory model was to simulate, in the laboratory, a field well under conditions by which pertinent parameters can be controlled and measured. Results of laboratory measurements were compared with theoretical analyses to validate theoretical equations derived here.
In general, there is good agreement between theoretical and measurement results presented as pressure vs. radius curves, but the theoretical and measurement results differ in the magnitude of the pressure gradients. In the case of the air tests, the difference seems attributable to differences in permeabilities of the test column (assembled to independently measure the permeability of the packing) and the HRF test cell. While in the case of water, short circuiting and sand mobililty in the HRF test cell may be the source of discrepancy. However, in spite of the experimental problems, the theoretical equations derived can be the basis for analysis and design of a full-scale system and prediction of its performance.
THEORYAND DEVELOPMENT OF EQUATIONS
The basic equations applied to theoretical horizontal radial flow under idealized conditions are presented. To simplify, it was assumed that porous media have uniform permeability throughout, even though in soils, grain size varies widely from very fine to very coarse, causing variation in permeability. It was also assumed that the region being studied was bounded on the bottom by an impervious horizontal surface.
In all cases studied, it was assumed that flow was radial from a region of infinite diameter. 
The maximum flow rate occurs when (8) That is, when the bottom of the extraction tube is one third of the distance below the free surface at r 0 , i.e. when Substituting the gravity gradient, gdt/dr, for pressure gradient, dp/dr, the basic Darcy equation below is thus modified to
c. Liquid in porous mediumpressure driven This case represents a well driven from the ground surface into a body of liquid confined in a porous medium of thickness, t, between impervious surfaces above and below (Fig. 3) .
The well was capped so that extraction of liquid the pressure gradient dp/dr is proportional to the flow rate, Q, and inversely proportional to the radius, r. If p 0 is atmospheric pressure at some distant radius, r 0 , then (p 0 -p w ) is the vacuum in the well and the flow rate, Q, is proportional to that vacuum. These relations were observed in laboratory tests whose results are described in the Results Section.
d. Air in porous mediumpressure driven In the cases of horizontal radial flow discussed above, the fluid was a liquid whose density remained constant, and Q, the volumetric flow rate, was constant. If the fluid is air, or Q k dp A dx 2 Q dp dr rt k Tests were also repeated to evaluate repeatability. ) as a test of integrity of the data.
2) Test cell water measurements
The test cell was first saturated with water while vacuum was applied to remove all trapped air. Then measurements with water were conducted by applying vacuum to the saturated test cell while flow rate and pressure drops at each station were recorded. A total of five runs, on each of two different days, were done. We had some difficulty reading manometers at Equation 15 in Section 2.c. shows that flow rate, Q, is proportional to (P -P w ). Figure   11 shows the straight-line relation between Q and (P 5 -P w ). While there is some scatter of plotted points, a straight-line relation is evident.
Repeatability of test cell measurements for air was good, but for water it was poor.
3) Comparison of measurements on HRF test cell with theory
Test results and theory can be compared in several ways. They were compared by plotting theoretical pressure vs. radius curves similar to 
